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The data presented show the ability of subinhibitory concentrations of plant essential oils to
influence the production of enterotoxins A and B and Æ-toxin by Staphylococcus aureus.
Subinhibitory concentrations of the oils of bay, clove, cinnamon, nutmeg and thyme had no
significant effect on the overall quantity of extracellular protein produced. Haemolysis due to Æ-toxin
was significantly reduced after culture with all five plant essential oils. This reduction was greatest
with the oils of bay, cinnamon and clove. These three oils also significantly decreased the production
of enterotoxin A; the oils of clove and cinnamon also significantly decreased the production of
enterotoxin B.
INTRODUCTION
Staphylococcus aureus is an important medical pathogen,
with different strains being responsible for a number of
disease states including toxic shock syndrome, scalded skin
syndrome and foodborne illness (Le Loir et al., 2003). The
ability to cause disease is, in part, dependent upon the
production of a range of extracellular proteins, including
catalase, fibrinolysin, superoxide dismutase, hyaluronidase,
haemolysins (Æ, , ª and ), epidermolytic toxins and
enterotoxins. The enterotoxins are a group of serologically
distinct proteins (A, B, C1–3, D, E and F) that are the causative
agents of staphylococcal food poisoning. Although their
exact mode of action has yet to be fully elucidated they are
believed to stimulate an enteric-vagus nerve reflex triggering
the vomiting centres of the brain (Sears & Kaper, 1996;
Arbuthnott et al., 1990). The enterotoxins can also act as
superantigens, stimulating T lymphocytes to release cyto-
kines and T-cell proliferation (Balaban & Rasooly, 2000;
Krakauer, 1999). Considerable research at present is also
aimed at investigating the properties of newly identified
enterotoxins, including enterotoxins K, L and U (Orwin et
al., 2001, 2003; Letertre et al., 2003).
One of the most extensively studied of the extracellular
proteins is Æ-haemolysin (Æ-toxin). This is secreted as a
soluble protein of 33 kDa. Penetration of host cell mem-
branes by Æ-toxin results in the formation of a hexameric
transmembrane pore that causes the leakage of ions and low
molecular mass compounds. These pores also trigger sec-
ondary cellular reactions such as eicosanoid production,
cytokine release and apoptosis.
In both the food and pharmaceutical industries there is a
continuing need to find new and improved antimicrobial
agents, especially in view of the increasing incidence of
antibiotic resistance. One of the areas which is subject to
considerable interest is plant extracts and in particular their
essential oils. The antimicrobial properties of plant essential
oils against a wide range of micro-organisms are well estab-
lished (Vardar-Unlu et al., 2003; Valero & Salmeron, 2003;
Burt & Reinders, 2003; Smith-Palmer et al., 1998, 2002;
Friedman et al., 2002; Delaquis et al., 2002; Elgayyar et al.,
2001;Hammer et al., 1999; Deans &Ritchie, 1987).However,
in comparison to many other conventional antimicrobial
agents, relatively little is known about the influence of plant
essential oils onmicrobial physiology and pathogenicity. The
data presented here show the influence of subinhibitory
concentrations of five plant essential oils on the production
of Æ-toxin and enterotoxins A and B.
METHODS
Micro-organism. Staphylococcus aureus NCTC 10657 was maintained
on tryptone soya agar (TSA) slopes (Oxoid) at 4 8C.
Preparation of cultures and culture supernatants. Tryptone soya
broth (TSB) (10 ml), containing subinhibitory concentrations of plant
essential oils bay, clove, cinnamon and thyme at 0.01% (v/v) and oil of
nutmeg at 1% (v/v) (kindly supplied by F. D. Copeland and Sons,
London, UK), was inoculated with 10 l of an overnight culture of
S. aureus. The antimicrobial properties of these five plant essential oils
had previously been reported (Smith-Palmer et al., 1998). These
subinhibitory concentrations were selected as they ensured that the
bacterial concentration after 24 h in the experimental sample was the
same as in the control (data not shown). Supernatants from 24 h
cultures were obtained by centrifugation (1600 g) for 10 min.
Determination of extracellular protein concentration. The deter-
mination of extracellular protein concentration was based on the
method of Bradford (1976) using Coomassie Brilliant Blue G dye
(Bio-Rad) diluted 1 : 5 and bovine serum albumin (Sigma-Aldrich) as
the standard. Fivemillilitres of dye was added to 1 ml samples of culture
supernatants and incubated at room temperature for 30 min. The A595
was read in triplicate using a Dynatech MR 500 plate reader. Controls
included TSB alone, the value of which was subtracted from the
experimental value to give the extracellular protein concentration.
Æ-Toxin activity in the supernatant after culture with subinhibi-
tory concentrations of plant essential oils. Æ-Toxin activity was
determined by incubating 1 ml samples of culture supernatant with
485 l PBS (Sigma-Aldrich) to which was added rabbit erythrocytes
(Scottish Antibody ProductionUnit, LawHospital, Lanarkshire, UK) to
achieve a final concentration of 1%. Tubes were gently mixed by
inversion, incubated at 37 8C for 30 min and then centrifuged (1000 g)
for 5 min. TheA550 was read in triplicate using aDynatechMR 500 plate
reader. To determine percentage haemolysis, controls were set upwhich
contained 1% erythrocytes and deionized water. Experimental results
were expressed as the percentage haemolysis compared to the water
lysed control, which was taken as 100% haemolysis. Other controls
contained PBS, TSB or TSB with subinhibitory concentrations of plant
essential oils. No significant haemolysis was detected in these prepara-
tions (Smith-Palmer, 1999).
Direct effect of plant essential oils on the activity of Æ-toxin.
Experiments were conducted to determine whether plant essential oils
directly inhibited the activity of Æ-toxin. Plant essential oils (5 l) were
added to supernatants (10 ml) from S. aureus cultured in TSB only
(therefore known to contain high levels of Æ-toxin). All tubes were
incubated at 37 8C for 1 h with constant mixing, and the samples were
left to settle for 15 min, enabling the plant essential oils to separate out.
Samples (1 ml) were removed and haemolytic activity was measured as
before (Smith-Palmer, 1999).
Determination of intracellular Æ-toxin activity after culture with
subinhibitory concentrations of plant essential oils. Experiments
were conducted to determine whether culture with plant essential oils
prevented Æ-toxin synthesized in the cell from being exported into the
culture supernatant. S. aureus was cultured with subinhibitory con-
centrations of plant essential oils for 24 h, the supernatant was
discarded, and the cells were washed twice in PBS and resuspended in
10 ml PBS. Cells were lysed on ice by sonication for 5 min and examined
via lightmicroscopy to ensure that all the cells were lysed. The lysate was
centrifuged (1600 g) for 10 min to remove cell debris and the super-
natant was examined for haemolytic activity as above (Smith-Palmer,
1999).
Influence of plant essential oils on enterotoxin production by S.
aureus. The strain of S. aureus used produces enterotoxins A and B.
Supernatants from S. aureus cultured with plant essential oils were
examined for enterotoxin production using a reversed passive latex
agglutination kit (Oxoid). The assays were conducted according to the
manufacturer’s instructions. Controls of TSB and control supernatants
with and without plant essential oils showed that the oils did not
interfere with the performance of the kit and detection of the
enterotoxins.
Reproducibility and statistics. All measurements were conducted in
triplicate within each experiment and each experiment was performed
on at least three separate occasions. The two-tailed Student’s t-test was
used to analyse the data. Differences were judged to be statistically
significant when P <0.05.
RESULTS
Culture with subinhibitory concentrations of plant essential
oils had no significant effect on the overall quantity of
extracellular protein produced (Table 1).
S. aureus cultured in TSB alone showed 76.5% haemolysis
due to Æ-toxin (Table 1). This was significantly reduced after
culture with all five plant essential oils. The extent of this
reduction was very similar for the oils of bay, cinnamon and
clove, with values of 19.6–22.9% haemolysis. The reduction
was less after culture with the oils of nutmeg and thyme, with
values of 59.6 and 52.2%, respectively, both of which were
still significantly less than the control.
Table 1 shows that the plant essential oils had no significant
influence on the activity of Æ-toxin when added to the
supernatant of S. aureus cultured in TSB alone and thus
shown to contain high levels of haemolytic activity. When S.
Table 1. Quantity of extracellular protein, and the haemolytic activity of Æ-toxin, produced by S. aureus cultured with subinhibitory
concentrations of plant essential oils
The direct effect of plant essential oils on the activity of Æ-toxin of S. aureus is also shown.
Culture conditions Extracellular protein concn
[g protein
(ml culture supernatant)21]
Haemolysis (%) [in supernatant
after culture of S. aureus inTSB
and oil(s)]
Haemolysis (%) [after addition of oil(s)
to supernatant after culture of
S. aureus in TSB alone]
Control 37.25  1.59 76.5  3.7 73.6  2.2
Oil of bay 33.02  1.87 22.9  0.9* 71.6  4.5
Oil of cinnamon 29.75  2.25 19.6  1.3* 74.9  5.0
Oil of clove 33.18  1.73 20.4  1.5* 73.1  4.8
Oil of nutmeg 31.75  0.25 59.6  8.6* 78.2  6.2
Oil of thyme 28.25  2.65 52.2  3.7* 80.1  4.9
*P < 0.05 compared to the corresponding control.
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aureus cultured with plant essential oils was lysed, very little
haemolytic activity was detected, with no samples showing
greater than 3% haemolysis (data not shown).
S. aureus cultured in TSB alone secreted 13.1 ng enterotoxin
A ml1 (Table 2). When cultured with the oils of bay,
cinnamon and clove this was significantly reduced to 3.7, 1.3
and 3.2 ng ml1, respectively. No significant changes were
observed when cultured with the oils of either nutmeg or
thyme. A significant decrease in the production of enter-
otoxin B was also observed following culture with the oils of
clove and cinnamon. In the control supernatant, 204.8 ng
enterotoxin B ml1 was detected, compared with only 44.8
and 38.4 ng ml1 after culture with the oils of cinnamon and
clove, respectively.
DISCUSSION
The data show the ability of plant essential oils, especially the
oils of bay, cinnamon and clove, even at subinhibitory
concentrations, to cause a significant decrease in the produc-
tion of key toxins, despite causing no change in the total
extracellular protein production (Tables 1 and 2).
It is widely recognized that the production of Æ-toxin can be
modulated by subinhibitory concentrations of antibiotics;
for example, Ohlsen et al. (1998) reported strong induction
of Æ-toxin by -lactams and almost complete inhibition of
expression by clindamycin. The suppression of Æ-toxin
production has also been reported with other antimicrobials,
including glyercol monolaurate (Projan et al., 1994;
Schlievert et al., 1992). However, Æ-toxin has not previously
been shown to be modulated by plant essential oils. In
contrast, the influence of plant compounds, namely extracts
from olives and especially oleuropein (Tassou & Nychas,
1994; Nychas et al., 1990) and garlic (Gonza´lez-Fandos et al.,
1994), on the production of enterotoxins has been demon-
strated by other researchers. Plant essential oils have, how-
ever, recently been shown to influence the production of
listeriolysin O and phosphatidylcholine-specific phospholi-
pase C by Listeria monocytogenes (Smith-Palmer et al., 2002).
Staphylococcal gastroenteritis does not result from the
ingestion of S. aureus per se, but rather from enterotoxins
which are pre-formed within the food (Le Loir et al., 2003).
Consequently, the ability of essential oils, in particular clove
and cinnamon, to decrease the production of enterotoxins
adds impetus to their potential as novel natural food
preservatives. This is an area of growing interest, especially
as the antimicrobial properties of plant essential oils against a
wide range of pathogens is becoming increasingly recognized
and their potential application to foods is investigated
(Valero & Salmeron, 2003; Smith-Palmer et al., 2001; Hao
et al., 1998; Lis-Balchin et al., 1998) as is this potential
addition to active packaging and modified atmosphere
packaging (Suppakul et al., 2003; Skandamis & Nychas,
2001, 2002; Nielson & Rios, 2000). However, it should be
taken into consideration that the results reported here were
achieved after culture in TSB. Experiments are needed to
establish if a similar reduction can be achieved in food,
especially as the structure and properties of the food matrix
are likely to influence toxin production.
The inhibition of enterotoxin and Æ-toxin production by
plant essential oils could have occurred at a number of
points, including transcription, translation, export from the
cell or direct inactivation of the toxin. Direct inactivation
seems unlikely as the addition of plant essential oils to
supernatants known to contain high levels ofÆ-toxin did not
reduce haemolytic activity (Table 1). This is in contrast to the
work of Okubo et al. (1989), who reported that tea extract
was able to inhibit the activity of Æ-toxin directly. Similarly,
the lack of intracellular haemolytic activity detected when the
cells were lysed suggests that it was unlikely that there was an
intracellular accumulation of Æ-toxin resulting from the
cells’ inability to successfully export proteins.
Each of the plant essential oils is a complex mixture of esters,
aldehydes, ketones and terpenes (Smith-Palmer et al., 2002),
the exact composition depending upon the growth condi-
tions of the plant. Thus it is likely that each plant essential oil
will have multiple modes of action and multiple points of
disruption to toxin production. This multi-component
Table 2. Production of enterotoxins A and B by S. aureus cultured with subinhibitory
concentrations of plant essential oils
Enterotoxins A and B were detected using reversed passive latex agglutination.
Culture conditions Amount of enterotoxin (ngml21)
Enterotoxin A Enterotoxin B
Control 13.1  3.3 204.8  28.0
Oil of bay 3.7  0.9* 115.2  33.3
Oil of cinnamon 1.3  0.3* 44.8  7.0*
Oil of clove 3.2  0.4* 38.4  5.7*
Oil of nutmeg 12.8  2.3 179.2  28.0
Oil of thyme 14.0  3.0 230.4  22.8
*P < 0.05 significant difference from the respective control.
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nature of plant essential oils is an advantage over many
conventional antimicrobials, which have a single target site,
as it is more difficult for bacteria to develop resistance. This is
especially relevant at a time of increasing emergence ofmulti-
resistant pathogens. Furthermore, plant essential oils have a
more natural image and hence are more readily accepted by
consumers than antimicrobial agents they perceive as che-
mical and artificial.
The data presented here show the ability of selected plant
essential oils to significantly reduce the production of key
pathogenicity factors by S. aureus, namely Æ-toxin and the
enterotoxins A and B. This is potentially of considerable
importance in the food and pharmaceutical industries and an
exciting area for further development.
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